INTRODUCTION {#SEC1}
============

Transposable elements (TEs) are dynamic components of almost every eukaryotic genome: they serve as both a major source of deleterious mutations as well as an important source of genomic novelty and evolutionary innovation. The transposable elements of *Drosophila melanogaster* have been studied for decades and have led to important breakthroughs that have increased our understanding of the ability of TEs to invade new populations ([@B1]), the role of piRNAs in genome defense ([@B2]), and the population genetics of TE insertion frequencies ([@B3]).

Illumina sequencing has played an important role in advancing this field, not only by providing a means for the high-throughput sequencing of small RNAs, but also for characterizing variation in TE insertion frequencies within and between related species. However, there are significant limitations to using short-read technology to characterize TE insertions. For example, many TE insertions are completely missing from genome assemblies created from short reads, which has led to an alternative approach where Illumina population resequencing data (from pooled or separate individuals) is aligned to a high-quality reference genome assembly and polymorphic TE insertions are identified based on split-read alignments and/or paired-end information ([@B4]). Studies using these approaches for identifying polymorphic TEs in *D. melanogaster* populations have found that most polymorphic TE insertions are present at very low frequencies in the population, wild strains differ from each other by hundreds of unique TE insertions, lab strains have particularly distinct TE insertion landscapes, and new TE insertions tend to down-regulate the expression of nearby genes due to spreading of heterochromatin ([@B7],[@B11]). However, these short-read approaches have their own limitations. They require a database of known TE sequences and are only able to identify TE insertions that are flanked by unique sequence. Furthermore, these methods are only able to obtain sequence from the 5′ and 3′ ends of each TE insertion and do not allow the assembly of the entire inserted sequence. The inability of these methods to fully characterize the TE landscape of a strain of interest has important implications for the analysis of small RNAs as well. Although a high-quality reference genome exists for the *D. melanogaster iso-1* strain ([@B15]), small RNA sequencing experiments are frequently performed using a variety of *D. melanogaster* strains with different genetic backgrounds. Because these strains do not have their own high-quality assembly, the TE population giving rise to many of the sequenced small RNAs is not fully characterized. Previous work examining natural variation in piRNA production among wild strains of *D. melanogaster* found that there was very little variation in expression level among piRNA-producing loci across multiple strains from the Drosophila Genetic Reference Panel (DGRP) ([@B16]), although a subsequent study found a negative correlation between piRNA abundance per TE family and the copy number of that family, across the same DGRP strains ([@B7]). Another comparison between two different lab strains of *D. melanogaster* found that strain genotype was not associated with differences in piRNA abundance ([@B17]).

For studies of TE polymorphism, long-read sequencing (e.g. PacBio and Oxford Nanopore technologies) has the potential to overcome many of the limitations related to short-read methods. Long-reads can be used to identify novel TE insertions based on alignment to a reference genome assembly ([@B25]) or by comparing genome assemblies between strains and/or species ([@B18]). Recently, long-read sequencing using PacBio and Oxford Nanopore technology has been applied to various Drosophila species and shown to produce highly contiguous assemblies with a much more accurate representation of repetitive elements ([@B19]). These third-generation sequencing approaches have led to large improvements in the assembly of genomic contigs, while other recent techniques have improved the ability to link contigs into larger scaffolds. Notably, the Hi-C chromosome conformation capture approach has been shown to dramatically improve the scaffolding of genomic contigs ([@B29]). In this study, we have generated long-read genome assemblies and Hi-C data from two individuals from the Drosophila Genetic Reference Panel (DGRP), whose TE insertion profiles and ovarian piRNA populations were previously characterized using Illumina technology ([@B16]). Our goals for this study were several-fold: (i) compare the TE insertion profiles identified from *de novo* assembly of long-reads to those identified from short reads, for the same strains, (ii) determine the benefits of using Hi-C data to scaffold the genomic contigs and (iii) use the *de novo* assemblies and piRNA sequencing data to assess natural variation in TE content and piRNA abundance between these strains. We find that, while nanopore sequencing produced genome assemblies with higher contiguity than Illumina-based assemblies, the largest benefit in contiguity came from scaffolding with Hi-C data, which dramatically improved the scaffold N50, yielding scaffolds the length of chromosome arms, while correctly identifying and repairing contig assembly errors. Comparing these two strains, we find hundreds of strain-specific TE insertions that were not identified by the Illumina-based TIDAL method ([@B7]), including a novel *micropia*-like element that appears to have recently invaded the DGRP population. We also find hundreds of piRNA-producing loci that show strain-specific expression, suggesting that there is more inter-strain variation in piRNA abundance than previously reported.

MATERIALS AND METHODS {#SEC2}
=====================

Nanopore sequencing {#SEC2-1}
-------------------

We extracted DNA from ∼30 females from each strain using the Qiagen DNeasy Blood & Tissue kit and used the Oxford Nanopore Technologies (ONT) SQK-LSK108 library preparation kit to construct PCR-free libraries according to the ONT *1D Genomic DNA by Ligation* protocol. The DGRP379 library was sequenced on a single r9.4 flow cell. For DGRP732, two libraries were constructed and each was sequenced on a single r9.4 flow cell. The raw signal data were basecalled on a high-performance computing cluster using the ONT *Albacore* software package with default parameters (version 1.1.1).

Hi-C chromosome conformation capture {#SEC2-2}
------------------------------------

Strains were maintained in population cages on molasses agar with yeast paste and 8--16 h embryos were collected and dechorionated in 50% commercial bleach for 2.5 min. Nuclei were isolated from ∼200 mg of embryos and fixed in 1.8% formaldehyde for 15 minutes according to the protocol in ([@B30]). *In situ* Hi-C chromosome conformation capture was performed according to the previously published DNase-based protocol ([@B31]) and libraries were sequenced using 150 bp, paired-end mode on an Illumina NextSeq 500.

Genome assembly {#SEC2-3}
---------------

Nanopore reads from each strain were assembled using *Canu* ([@B32]) (version 1.5) with an estimated genome size of 140 Mb and the extra parameters (recommended for nanopore data): *overlapper = mhap utgReAlign = true*. The Hi-C data were aligned to their genome of origin using the *Juicer* pipeline ([@B33]) (version 1.5) with option *-s none* for DNase Hi-C data. The genomic contigs were scaffolded by using the *Juicer* output along with the *3d-dna* pipeline ([@B29]) (version 170123, options: *-m diploid -t 5000 -s 10*). The *3d-dna* pipeline arranges contigs into a single 'megascaffold' which was manually divided into chromosome arms based on comparison to the *D. melanogaster iso-1* genome assembly. Hi-C contact matrices were created using *Hi-C Explorer* ([@B34]) (version 1.4, options: *--filterThreshold -4 5 --perchr*). Comparisons to the *iso-1* reference genome were made using the release 6 assembly ([@B15]), downloaded from FlyBase ([@B35]), and dotplots comparing the assemblies were made using *mummerplot* ([@B36]) (version 3.5).

Genomic scaffolds were polished using the raw nanopore reads with the *Racon* software package ([@B37]) (version 0.5.0, options: *--sam -t 20 -b 50000*). For Illumina polishing, uninformative Hi-C reads (i.e. those that did not include a ligation junction) were used as single-end reads with the *Pilon* software package ([@B38]) (version 1.23, options: *--fix snps,indels --minmq 15*) to identify and correct sequence errors in the assembly. Pilon was run for a total of 10 iterations for each assembly.

To assess the base quality of the polished nanopore assemblies, we assembled the uninformative Hi-C Illumina reads from each strain using *IDBA* ([@B39]) (version 1.1.3, default options) and aligned the *IDBA* contigs to the nanopore assemblies using the *dnadiff* utility from *MUMmer* ([@B36]) (version 3.5, default options), which reports single nucleotide variants and indels between assemblies. We excluded putatively heterozygous positions from our basecall accuracy calculation by calling SNPs from the Illumina data. We first used *bowtie2* ([@B40]) (version 2.2.9, options: *--rg-id STRAIN_ID --rg SM:STRAIN_ID*) to align the Illumina reads to the nanopore assembly and then used *FreeBayes* (version 1.2.0, options: *-0 --use-reference-allele --use-best-n-alleles 4*) to identify nucleotide variants and indels. We then excluded positions identified by *dnadiff* as differing between the Illumina and nanopore assemblies if they overlapped a *FreeBayes* heterozygous variant.

Transposable element annotation {#SEC2-4}
-------------------------------

*Repeatmasker* ([www.repeatmasker.org](http://www.repeatmasker.org), version 4.0.7, default options plus *-e ncbi*) was used with *D. melanogaster* RepBase consensus sequences ([@B41]) to identify transposable elements in each assembly. An estimated copy number for each TE was calculated by taking the sum of all genomic sequence annotated as that TE and dividing by the length of the RepBase consensus sequence. To search for novel elements, *RepeatModeler* ([www.repeatmasker.org/RepeatModeler](http://www.repeatmasker.org/RepeatModeler), version 1.0.11, default options) was used to identify all repetitive sequences in the assemblies. The consensus of each of these *de novo* repeats was then searched, using BLASTN ([@B42]) (version 2.6.0+, default options), against the *D. melanogaster* RepBase sequences to determine if it matched a known *D. melanogaster* TE with ≥90% identity. To find polymorphic TEs, the two genome assemblies were aligned using *nucmer* (version 3.5, options: --mum -c 250) and strain-specific TE insertions were identified by searching for breaks in the one-to-one *nucmer* alignments. *Nucmer* finds maximal exact matches between scaffolds, clusters them into consistently ordered groups and then attempts to extend the alignments from each group (200 bp by default). Any sequence \> 200 bp that is present in one strain but missing from the other will create a break in the alignment. We identified all insertion mutations \>200 bp in each strain by using the *nucmer* output to identify the coordinates of the breaks between alignments. From the set of all insertions, we identified TE insertions as those where the entire length of the TE was contained within the insertion and the entire insertion was composed of TE sequence. Comparisons to TIDAL-fly TE predictions ([@B7]) were made using *bedtools intersect* ([@B43]) (version 2.25.0, default options) after transferring the DGRP assembly coordinates to the iso-1 coordinate space using a whole-genome alignment created by *Mercator* (version 0.4) according to the protocol in ([@B44]).

Comparison to TIDAL-fly {#SEC2-5}
-----------------------

When comparing our insertions to those identified by TIDAL-fly, we only considered those that are absent from the iso1 reference strain and polymorphic between DGRP379 and DGRP732. We did this in order to make a fair comparison to TIDAL, which only identifies non-reference insertions and focuses on polymorphic elements. To identify TE insertions that are present in both our data and in the TIDAL callset, we first transferred the coordinates of the DGRP379 and DGRP732 TIDAL insertions to their respective assemblies using the *Mercator sliceAlignment* utility ([@B44]). We then used *bedtools* to intersect the two insertion sets. Because the TIDAL approach may not precisely identify the TE insertion location, we initially counted insertions as overlapping if the TE sequence present in our assembly was within 100 bp of a TIDAL insertion, but we later expanded this to 500 bp, as described in the Results section. We used *bedtools closest* with the *-d* option to obtain these distances. We used paired-end Illumina sequences to validate potential false-negative TE insertions that were missed by TIDAL as well as false-positive insertions that were called by TIDAL but missing from our assembly. For DGRP732, we used the same paired-end Illumina data used by TIDAL. The published data for DGRP379 is only single-end, so we used paired-end data that we generated ourselves. We used *bowtie2* ([@B40]) (version 2.2.9, options: *--very-sensitive --no-mixed --no-discordant -X 1000*) to align the paired-end sequences, requiring mates to align concordantly and excluding discordant alignments. We required at least one read from each pair to have mapping quality ≥20 and visualized read alignments using the R package *ggplot* ([@B45]). To identify orphaned mates, we realigned the Illumina data using *bowtie2* without the *--no-mixed* and *--no-discordant* options and used *bedtools* to identify orphan mates that flanked the TIDAL predictions that were missing from our assemblies. We extracted the sequence of the orphans from the BAM file, converted them to FASTA format, and used *BLAST* to search them against the RepBase TE consensus library. We required a putatively heterozygous insertion to have at least 4 orphaned mates that matched the same TE sequence.

Identification of piRNA-producing loci {#SEC2-6}
--------------------------------------

We used *cutadapt* (version 1.16, options: *-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCAATCTCGTATG -m 16 -q 15*) to trim adapter sequences from the piRNA reads and removed reads derived from rRNA and tRNA by aligning all reads to the annotated rDNA and tRNA sequences present in the *D. melanogaster* reference assembly and retaining those that did not align to either feature type. The piRNA data were aligned using *bowtie* ([@B46]) (version 1.0.0, options: *-v 1 -a -m 50 --best --strata*). PiRNA source loci were identified as previously described ([@B47]). Briefly, each assembly was divided into 1 kb bins and the number of uniquely-mapping piRNAs between 23 and 30 nt in size was counted for each bin and normalized by the total number of mapped reads. A cutoff of 1 read per million mapped was used for identification of piRNA-producing bins. We then followed the methods of Mohn *et al.* to merge bins into loci ([@B47]). We merged piRNA producing bins into a single locus if they were either adjacent to each other or separated only by bins containing \<10% uniquely mappable sequence. For merged bins larger than 10 kb, we merged them into larger domains if they were within 5 kb of another large (≥10 kb) bin. Because of this merging step, rather than bins, we are identifying contiguous regions of the chromosome that produce piRNAs, hence we refer to these regions as 'loci', rather than bins. To determine the percentage of total piRNAs aligning to piRNA loci, we extracted the sequence of each locus and used *bowtie* ([@B46]) (version 1.0.0, options: *-v 1 -a -m 50 --best --strata*) to align the piRNA reads to the set of piRNA loci. We then compared the total number of unique + multi-mapping reads that aligned to the piRNA loci versus the complete genome.

To compare expression of piRNA loci between strains, the *nucmer* whole genome alignment was used to identify orthologous regions and piRNA expression was calculated from alignments generated using the unique-weighting mode in *ShortStack* ([@B48]) (version 3.8.5, options: *--mmap u --nohp*) which aligns multi-mapping reads probabilistically based on the number of nearby uniquely mapping reads. FPKM values for each piRNA locus were calculated by dividing the ShortStack counts by the size of the locus (in kilobases) and then by the total number of aligned reads (in millions). Inactive piRNA loci were defined as regions that were orthologous to a piRNA source locus in the other strain, but whose piRNA abundance in the strain-of-interest was \<0.1 FPKM.

Identification of pericentromeric heterochromatin {#SEC2-7}
-------------------------------------------------

We used a sliding window approach (100 Kb windows, step size of 5 kb), and calculated the percent of each window containing repetitive elements as identified by *RepeatMasker* (including TEs, simple repeats, satellites, and low complexity sequence). We merged overlapping windows where at least 50% of each window was composed of repetitive elements and retained the centromere-proximal merged windows, which amounted to ∼17 Mb of sequence in total. We assessed the chromatin state of the regions we defined as pericentromeric heterochromatin by comparing them to the chromatin states defined by Filion *et al.* ([@B49]). Our regions are highly enriched for the 'Green' chromatin state (75% of observed annotated sequence has state 'Green', versus 2.7% expected by chance), which is defined as 'Classic (including pericentric) heterochromatin'.

RESULTS {#SEC3}
=======

Genome assembly {#SEC3-1}
---------------

We chose two DGRP strains for which piRNA sequencing data is publicly available: DGRP379 and DGRP732. We generated \>50-fold coverage of 1D nanopore sequencing data for each strain (DGRP379: 1 flow cell, 54× coverage; DGRP732: 2 flow cells, 71× coverage) ([Supplementary Table S1, Figure S1](#sup1){ref-type="supplementary-material"}). We basecalled the raw signal data using *Albacore* and assembled the basecalled data using *Canu* ([@B32]) to produce assemblies with contig N50 metrics of 6.6 Mb (DGRP379) and 5.4 Mb (DGRP732) (Table [1](#tbl1){ref-type="table"}). We used an *in situ* DNase-based protocol ([@B31]) to generate Hi-C data from embryos for each strain. We then used the *3d-dna* analysis pipeline ([@B29]) to scaffold the *Canu* contigs and identify and repair misassembled contigs.

###### 

Comparison of genome assemblies for DGRP379 and DGRP732 to the D. melanogaster reference genome (Iso-1). DGRP strain contigs were assembled from nanopore reads and scaffolded with Hi-C data

                 DGRP-379      DGRP-732      Iso-1^a^                    
  -------------- ------------- ------------- ------------- ------------- -------------
  **Size** ^b^   134 693 935   133 660 114   139 557 193   141 550 979   139 819 141
  **N50**        6 596 424     24 495 473    5 444 332     25 701 336    25 287 040
  **NG50** ^c^   3 858 703     24 035 717    3 214 717     25 701 336    23 542 372
  **N**          113           100           179           250           1857

^a^Release 6 with known Y-linked scaffolds removed.

^b^Difference in assembly size between contigs and scaffolds is due to insertion of gaps during scaffolding and insertion/deletion of sequence during polishing.

^c^True genome size of 175 Mb was used for all calculations.

We assessed the accuracy of the *Canu* assemblies by aligning them to the *D. melanogaster* reference sequence (Figure [1](#F1){ref-type="fig"}). DGRP379 contains the standard arrangement for all sixteen inversions that are known to be polymorphic in *D. melanogaster* ([@B50]), therefore its genomic scaffolds should be largely collinear with the *iso-1* reference assembly. Instead, we found two obvious contig assembly errors in the DGRP379 assembly, however the Hi-C scaffolding process split the incorrectly joined contigs and reoriented them to their correct location (Figure [1](#F1){ref-type="fig"}). There were no obvious contig assembly errors for DGRP732 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Scaffolding with Hi-C data also dramatically improved the contiguity of the assemblies with the scaffold N50 reaching ∼25 Mb, which is comparable to that of the *D. melanogaster* reference genome (Table [1](#tbl1){ref-type="table"}).

![DGRP379 nanopore genome assembly before and after Hi-C scaffolding. The top half of the figure shows the Hi-C contact matrices before and after scaffolding. Lighter shades indicate more 3D interactions between genomic regions and darker shades indicate fewer interactions. The red boxes show the location of contigs/scaffolds and red arrows point to off-diagonal interactions that are due to assembly errors in the contigs. The bottom half of the figure shows dotplots representing the alignment of the assembly to the *D. melanogaster iso-1* reference genome before and after scaffolding. The red arrows point to the contig assembly errors.](gkz1080fig1){#F1}

We polished the scaffolds with nanopore reads using *Racon* ([@B37]) and Illumina reads by running 10 iterations of *Pilon* ([@B38]), which corrected a total of 856 thousand (DGRP379) and 835 thousand (DGRP732) base errors ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We assessed the base quality of the polished assemblies by comparing them to Illumina assemblies from the same strains. We generated *de novo* Illumina assemblies using our uninformative Hi-C read pairs for both strains. We then used *nucmer* ([@B36]) to align the Illumina contigs to our nanopore assembly. 99.8% and 99.9% of bases in the DGRP379 and DGRP732 Illumina assemblies aligned to our nanopore assemblies. We used the *dnadiff* ([@B36]) tool to identify nucleotide variants and indels in these alignments, after excluding potentially heterozygous positions (see Methods). If we conservatively assume that all variants and indels are due to errors in the nanopore assembly rather than the Illumina assembly, we can estimate a lower bound on the basecall accuracy of the polished nanopore assemblies as 99.98% and 99.95%, for DGRP379 and DGRP732 respectively, which is equivalent to a Phred score of 38 and 33. We identified ∼20-fold more heterozygous positions in DGRP732 compared to DGRP379 (170,446 versus 8,628), the majority of which were concentrated on chromosome 3R. The lower base accuracy for DGRP732 may, at least in part, be due to conflicting basecalls resulting from additional heterozygous positions that we were unable to identify.

Transposable elements {#SEC3-2}
---------------------

We used *RepeatMasker* with the *D. melanogaster* RepBase TE consensus sequences ([@B41]) to annotate TEs in both DGRP assemblies. We identified 13.0% and 16.3% of the DGRP379 and DGRP732 assemblies as derived from TEs (versus 15.8% of the *iso-1* reference assembly) (Figure [2A](#F2){ref-type="fig"}). Overall, copy number per TE family is highly correlated between strains (spearman\'s rho = 0.93; Figure [2B](#F2){ref-type="fig"}). Across all families, DGRP732, which has a larger assembly size (and a larger genome size according to flow cytometry ([@B50])), has significantly more TE copies (paired Wilcoxon test *P* \< 2.2e−16) (Figure [2A](#F2){ref-type="fig"}), in agreement with the TIDAL TE predictions (267 non-reference insertions for DGRP379 versus 483 for DGRP732).

![Comparative analysis of transposable element (TE) insertion profiles. Both TEs and strain-specific insertion mutations were annotated in each DGRP genome assembly. Panel **A** shows the percentage of each assembly annotated as TE sequence and the percentage of each assembly that is strain-specific. Most strain specific insertion sequences are derived from TEs and 14--20% of all TEs are strain-specific insertions. Panel **B**: TE copy number is strongly correlated between strains (Spearman\'s rho = 0.93). Each dot in the scatterplot represents a single TE family and is colored based on its classification. TEs showing a 2-fold or larger difference in copy number and/or TEs where at least 50% of insertions are strain-specific are labeled with their family name. Panel C shows all TE families where the majority (≥50%) of insertions in at least one of the two assemblies are strain-specific.](gkz1080fig2){#F2}

We identified strain-specific TE insertions by using *nucmer* ([@B36]) to align the two DGRP genome assemblies (see Methods). From this analysis, we identified 3.2% (DGRP379) and 4.5% (DGRP732) of the assemblies as representing strain-specific insertions. We then identified the subset of TE sequences whose entire length was contained within a strain-specific insertion. From this analysis we found that 57.0% (DGRP379) and 70.7% (DGRP732) of strain-specific insertions consist of TEs and these polymorphic TEs represent 13.9% (DGRP379) and 19.7% (DGRP372) of the total TE sequences in each assembly (Figure [2A](#F2){ref-type="fig"}). Comparing the locations of these sequences, we found that a larger proportion of euchromatic TE insertions are polymorphic, compared to those within the pericentric heterochromatin: At least 60% (DGRP379: 60%, DGRP732: 67%) of the total TE sequences within euchromatin are from polymorphic insertions, compared to 20--30% (DGRP379: 18%, DGRP732: 31%) of TE sequences within the pericentric heterochromatin. We identified 15 TE families where the majority of insertions were specific to one of the two strains (Figure [2C](#F2){ref-type="fig"}). These TEs tend to be young, active elements such as *roo*, *blood* and *copia*, and the copy number for these families showed a much lower correlation between strains (spearman rho = 0.26; [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Our estimate of the percentage of euchromatic insertions that are unique to each strain is conservative and likely a lower bound on the true percentage. For the percentages listed above, we included all Repbase TEs (as annotated by *RepeatMasker*) in our calculations including the abundant, but inactive, *INE-1* element, whose insertions are mostly shared between strains ([@B8]). We also included a tandem array of TEs on chromosome 3R composed of ∼25 copies each of a *copia2* and *invader1* LTR (i.e. ∼50 copies in total) ([@B51]). 41 of these copies are shared between strains, which inflates the number of shared insertions. Excluding both *INE-1* elements and this tandem array brings the percentage of strain-specific insertions to 80% and 83%, for DGRP379 and DGRP732, respectively. Furthermore, previous studies using PCR or Illumina paired-end approaches necessarily focus on TE insertions that are flanked by unique sequence. If we further constrain our analysis to TEs that are at least 10 kb away from another TE, the strain-specific insertions again increase to 88% and 87% respectively.

We also identified many large insertion/deletion mutations in the pericentric heterochromatin spanning multiple fragmented TE copies. For both strains, more than half of the pericentric insertion/deletion mutations contain sequences from multiple TE families, whereas the majority of euchromatic insertion/deletion mutations contain a single TE insertion (Figure [3](#F3){ref-type="fig"}). Single insertions that carry multiple fragments of TEs from different families are likely to be due to errors during the replication of the repeat-rich pericentric heterochromatin, rather than new TE insertions. Such mutations are abundant in these genomic regions, resulting in a striking amount of structural divergence compared to euchromatic regions (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). To confirm that these were not assembly errors, we aligned the raw nanopore data back to the assemblies and searched for individual sequencing reads with alignments that covered the entire indel region. We found, in each assembly, ∼97% (DGRP379: 97.5%, DGRP732: 96.9%) of all large indel mutations were completely contained by multiple sequencing reads, suggesting that the structural variation in these pericentric regions does not result from assembly errors. We further assessed the accuracy of all identified insertions by aligning the nanopore sequences from DGRP379 to the DGRP732 assembly and vice versa. We used the error-corrected nanopore sequences produced by *Canu*, which have an average coverage of ∼33× for both strains. If the insertions are actually misassembled regions, they should show reduced or missing read coverage for both strains when we align our sequencing data back to the assemblies. On the other hand, if the insertions are correctly assembled, we expect ∼33× coverage for the sequencing data from the strain that carries the insertion, and zero coverage at these regions for the strain that lacks the insertion. From the nanopore sequence alignments, we calculated the median coverage for each strain, for each insertion. Across all insertions, the median coverage for the strain with the insertion is ∼33x whereas the median coverage is zero for the strain without the insertion (Figure [6](#F6){ref-type="fig"}). We see a similar pattern when considering euchromatic and heterochromatic insertions separately, although the median coverage for strains without the insertion in the pericentric heterochromatin is 1 rather than zero, which is likely due to mismapping of a relatively small number of sequences to these repetitive regions ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). That said, repeat-rich sequences like those found in the pericentric heterochromatin are very difficult to assemble and there are likely a relatively small number of regions in our assembly that are not assembled correctly, given that some insertions do show relatively high coverage in the strain where the insertion should be missing if our assemblies are correct ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

![Most euchromatic insertion mutations contain a single transposable element. We classified all insertion mutations that contained transposable element sequences in both the euchromatin and pericentromeric heterochromatin based on whether they contained a single TE insertion or insertions from multiple TE families. Euchromatic insertions are much more likely to correspond to a single TE insertion event whereas many insertion mutations in the pericentromeric heterochromatin are likely due to errors in replication rather than new TE insertions.](gkz1080fig3){#F3}

![Transposable elements, large insertions, and piRNA source loci are all enriched in the pericentric heterochromatin. The three large chromosomes of *D. melanogaster* are shown with their missing centromeric sequence represented by gray boxes. The chromosome arms were divided into 100 kb windows and the number of features per window is shown for TEs, other large insertion/deletion mutations, and piRNA source loci. The feature densities shown here are from the DGRP379 assembly. The densities for DGRP732 are shown in [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}.](gkz1080fig4){#F4}

![Pericentric heterochromatin contains abundant structural variation. The two panels show the location of *nucmer* alignments (grey polygons) between the two DGRP strain genome assemblies for a 1 Mb region from chromosome 2R pericentric heterochromatin (Panel **A**) and a 1 Mb region from chromosome 2R euchromatin (Panel **B**). The location of TE insertions is represented by colored lines (see legends on right side of panel) and piRNA expression for 1 kb bins is shown above and below the chromosome boxes (dark red: high expression, pale yellow: low expression, white: no expression).](gkz1080fig5){#F5}

![Sequencing coverage of insertion mutations. We verified that the majority of insertion mutations that we identify are true mutations rather than assembly errors by aligning the nanopore reads from each strain to each assembly. We used the error-corrected nanopore sequences produced by *Canu*, which have an average coverage of ∼33× for both strains. Insertions that result from assembly errors should have low coverage in both strains, whereas true insertions should have typical coverage for the strain that carries the insertion and coverage of zero for the strain that is missing the insertion. Across all insertions that we identify, we find that the median coverage is ∼33× for the strain with the insertion and zero for the strain that lacks the insertion. We find a similar pattern when considering euchromatic insertions separately from pericentromeric insertions (see [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).](gkz1080fig6){#F6}

To compare the number and location of the polymorphic TEs that we identified to those predicted by TIDAL-fly using an Illumina approach ([@B7]), we first transferred the coordinates of the TIDAL predictions from the iso1 reference assembly to our *de novo* assemblies. We were able to transfer a total of 721 predictions (96%) to our assemblies: 258 for DGRP379 and 463 for DGRP732. The vast majority of TIDAL-fly predicted insertions were present in our assemblies (98% \[DGRP379\] and 89% \[DGRP732\]), however we were able to identify several hundred strain-specific insertions that were missed by TIDAL-fly: 407 and 489 additional insertions in DGRP379 and DGRP732, respectively. For DGRP379, there are five TE insertions predicted by TIDAL that are not present in our assembly, and for DGRP732, there are 54 TE insertions that are not present in our assembly. We required the TIDAL prediction to be within 100 bp of the TE location. If we extend this to 500 bp, we find an additional four DGRP732 TIDAL predictions that agree with our assembly. To test the remaining TIDAL predictions, we mapped DGRP379/732 paired-end Illumina reads to the corresponding nanopore genome assembly. If the Illumina data supports a TE insertion that is missing from our assembly, there should be at least one location near the predicted TIDAL insertion that is not spanned by Illumina paired-end alignments. Instead, the alignments are tiled across our assembly at all five of the predicted TIDAL insertions for DGRP379, suggesting those predictions are not supported by Illumina alignments and are therefore likely to be false positives ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). For 46 of the 50 remaining DGRP732 regions, the paired-end read alignments are concordantly tiled across the region of our assembly that is predicted by TIDAL to contain a TE insertion ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). There are however, four regions where the paired-end alignments do not tile across the region, raising the possibility that the TIDAL prediction is correct (Supplementary Figure S8).

Another possibility that would explain the discrepancies between TIDAL and our assemblies is the presence of within-strain TE polymorphisms. Our nanopore and Illumina genomic sequencing data is derived from pooled flies, as is the original DGRP sequencing data. Our assembly could reflect the allele lacking the insertion, whereas the TIDAL prediction could be derived from the other allele. In these cases, we would expect a subset of the paired-end alignments at the insertion boundary to have orphan mates where one mate aligns to the flanking sequence and the other aligns to the TE insertion (which is missing from our assembly), while the remaining paired-end sequences align concordantly with our assembly. For each of the TIDAL predictions that were missing from our assembly, we determined whether the flanking regions had orphaned paired-end alignments. If so, we extracted the sequence of the orphan and used BLAST to determine whether it shares homology with a transposable element. Using this approach, we identified five loci (out of the 50 DGRP732 TIDAL insertions that were missing from our assembly) that are consistent with a within-strain polymorphic insertion. None of the DGRP379 predictions were consistent with such an insertion.

Overall, of the 55 TIDAL predictions (5 from DGRP379 and 50 from DGRP732) that are missing from our assembly, 46 (84%) appear to be false positive predictions by TIDAL. Out of the full set of 721 TIDAL predictions, this is equivalent to a false positive rate of 6.4%.

We also investigated the TE insertions present in our assemblies that were missed by TIDAL. For each strain, roughly half of the TE insertions missed by TIDAL correspond to full or nearly full-length TEs or solo LTRs (207/407 \[DGRP379\], 249/489 \[DGRP732\]). Of the full-length elements, 27% (DGRP379) and 49% (DGRP732) were \<250 bp away from another TE insertion. The presence of repetitive sequence in the region flanking the TE of interest would make it difficult to obtain accurate split-read alignments, which are needed by TIDAL to identify TE insertions. For the remaining full-length insertions located at least 250 bp away from another TE, we aligned paired-end Illumina data to these locations and retained PE alignments where at least one of the mates had mapping quality \> = 20. We considered the presence of multiple PE alignments, where one mate maps to the flanking sequence and the other maps to the TE, as positive confirmation of the insertion. Using this criterion, we confirmed 149/151 DGRP379 insertions and 122/128 DGRP732 insertions that were missed by TIDAL ([Supplementary Figures S9 and S10](#sup1){ref-type="supplementary-material"}). Of the 721 TIDAL insertions we were able to assess, our approach identifies the same insertion in 93% of cases whereas our predictions have a false negative rate of 0.6%.

Unlike short-read approaches, whole-genome assembly also allows for distinguishing between full-length versus partial TE insertions. For example, we found that, while both strains have a similar number of full-length insertions of the *burdock* retrotransposon, DGRP379 has ∼10-fold more insertions of the *burdock* long terminal repeat (LTR) alone (see Figure [2B](#F2){ref-type="fig"}, C for *burdock* LTR copy number differences). These so-called solo-LTRs are formed from full-length insertions due to unequal homologous recombination.

We searched for novel TEs in the DGRP assemblies by running *RepeatModeler* (<http://www.repeatmasker.org/RepeatModeler>). We filtered the *RepeatModeler* output to exclude multicopy genes (such as histones) and simple repeat/low complexity sequence. All of the remaining *de novo RepeatModeler* consensus sequences matched a *D. melanogaster* RepBase element with ≥90% identify except for a single sequence. This sequence is a novel *micropia*-like TE and it is present in both DGRP assemblies. The *micropia-like* consensus sequence is only ∼70% identical to the *micropia* element that is present in the *iso-1* reference genome and in RepBase ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}). This novel element is present in 13 and 17 full-length copies (plus an additional 37 and 27 fragmented copies) in the DGRP379 and DGRP732 assemblies and the full-length copies are \>99% identical to the consensus sequence, suggesting the element has recently invaded the DGRP population.

piRNA source loci {#SEC3-3}
-----------------

We used previously published piRNA sequencing data which were generated from ovaries using the periodate oxidation and β-elimination approach ([@B16]). We trimmed adaptor sequences and aligned these datasets to their genome of origin, retaining only unique alignments of sequences between 23 and 30 bp in length. We identified piRNA source loci from these alignments as has been done previously ([@B47]) (see Materials and Methods), which resulted in 5101 and 4884 loci from DGRP379 and DGRP732, respectively. We found that these loci cluster within the pericentric heterochromatin (Figure [4](#F4){ref-type="fig"}) and, although only ∼12% of the genome assembly of each strain is annotated as a piRNA locus, ∼92% of all piRNAs align to these regions.

We also compared our piRNA source loci to those previously identified by Mohn *et al.* ([@B47]). The total number of basepairs contained in our loci is ∼16% (DGRP379) and ∼21% (DGRP732) larger than the set reported by Mohn *et al.* and our loci include a larger percentage of the total TE sequences present in the genome (58% \[DGRP379\] and 49% \[DGRP732\] versus 40% in the Mohn *et al.* study). Although a larger percentage of the Mohn *et al.* loci overlap TEs (74%) compared to our loci, this is largely due to the fact that their set is smaller than ours and we identify more loci arising from genes. Many genes have been shown to produce piRNAs, especially in their 3′ UTRs. One well-studied example is the 3′ UTR of *traffic jam* ([@B52]). In a separate study, Robine *et al.* identified a total of 2,356 genes in Drosophila OSS cells whose transcripts produce piRNAs ([@B53]). We annotate ∼70% of these genes as piRNA loci in both DGRP379 and DGRP732. Across both strains, at least 90% of our piRNA-producing loci overlap either a TE or a gene.

For each piRNA-producing locus in DGRP379, we used our whole-genome alignment to identify the orthologous coordinates in DGRP732, which allowed us to compare piRNA expression levels between the two strains. We were able to identify orthologous loci for most coordinates: 4584 out of 5101 loci for DGRP379 and 4255 out of 4884 loci for DGRP732. To quantify expression from these loci, we realigned the piRNA data, identifying all possible alignments for each read. We then used the unique-weighting mode in *ShortStack* ([@B48],[@B54]) to probabilistically assign alignments of multi-mapping reads based on the number of nearby uniquely mapping reads. Although almost half of DGRP379 piRNA loci (∼45%) showed similar expression levels in DGRP732 (less than 2-fold difference between strains), we identified 2517 loci with more than 2-fold difference in piRNA expression, most of which showed piRNA expression levels that were reduced or inactive (i.e. below the identification threshold, see Methods) in DGRP732 (1809 and 466 loci, respectively) (Figure [7A](#F7){ref-type="fig"}). We obtained similar results when performing the analysis in the opposite direction (i.e. starting with piRNA loci in DGRP732 and comparing their expression to DGRP379), with most of the differentially-expressed DGRP732 piRNA loci showing reduced or inactive expression in DGRP379 ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}).

![Variation in expression of piRNA source loci. Panel **A**: Normalized expression values from piRNA producing loci (also known as piRNA source loci) were calculated for each strain. The piRNA loci from DGRP379 were classified based on the expression of the orthologous locus in DGRP732: Up-regulated (UPREG) loci show two-fold or greater expression in DGRP379 (versus DGRP732), SIMILAR loci show less than a 2-fold difference in expression, downregulated loci (DOWNR) show two-fold or greater down-regulation in DGRP379 (versus DGRP732), and INACTIVE loci were not identified as piRNA source loci in DGRP732. See [Supplementary Figure S5](#sup1){ref-type="supplementary-material"} for the analogous scatterplot from the perspective of DGRP732. Panel **B**: Comparison of piRNA expression categories using FPKM ≥1 versus FPKM ≥10 to define piRNA source loci. Colors represent the same categories as in Panel A.](gkz1080fig7){#F7}

It is possible that most of the variation in piRNA expression between strains is due to our relatively lenient threshold for defining a piRNA-producing locus (≥1 FPKM). To determine whether the proportion of piRNA loci falling into the differential versus similar expression categories would change with a more stringent threshold, we repeated our analysis using FPKM ≥10 ([Supplementary Figure S13](#sup1){ref-type="supplementary-material"}). Although we only identify ∼26% of the original loci with this cutoff, the proportion of loci in each category is very similar (Figure [7B](#F7){ref-type="fig"}), suggesting that our ≥1 FPKM threshold is not biasing our results. Based on these results, we continued using the ≥1 FPKM threshold for the analyses described below.

Overall, ∼48% of the piRNA producing loci from DGRP379 and DGRP732 overlap transposable elements. For both strains, we found that ∼25% of strain-specific piRNA producing loci overlap strain-specific transposable elements, which is significantly more than expected by chance (hypergeometric test *P* = 2.6e−24 \[DGRP379\] and *P* = 9.5e−23 \[DGRP732\]), in agreement with previous work suggesting that TE insertions can create *de novo* piRNA producing loci ([@B55]). Interestingly, the DGRP379-specific insertions of the *burdock* solo LTR consistently produced *de novo* piRNAs, as inferred from the *ShortStack* alignments (Figure [8A](#F8){ref-type="fig"}). In fact, after correcting for their difference in length, the solo LTR produces ∼2.6× more piRNAs than the polymorphic insertions of the full-length *burdock* elements. Overall however, the majority of strain-specific piRNA loci either do not overlap TEs at all (∼57%; Figure [8B](#F8){ref-type="fig"} and [Supplementary Figure S14](#sup1){ref-type="supplementary-material"}) or overlap the same TE in both strains (∼17%). We further investigated the subset of strain-specific loci that lack TEs and found that the majority (∼94% \[DGRP379\] and 76% \[DGRP732\]) overlap genes. We also confirmed that they are not adjacent to TEs: the average distance to the nearest TE for these loci is ∼22 kb. To determine if the strain-specific piRNA production at these loci is associated with the expression level of the genes they overlap, we used previously published microarray data from whole adult females ([@B56]) to compare expression of these genes between the DGRP379 and DGRP732 strains. Surprisingly, we found these genes to be expressed similarly in both strains ([Supplementary Figure S15](#sup1){ref-type="supplementary-material"}), suggesting that the between-strain differences in piRNA production in these cases may be epigenetically controlled, as has been described in *Drosophila virilis* ([@B57],[@B58]).

![*De novo* and epigenetically controlled piRNA production. Panel **A** shows a 10.3 kb region that contains a solo-LTR from the *burdock* retrotransposon that is present only in DGRP379. Abundant piRNAs are being produced from the LTR itself as well as several kilobases of the region flanking the LTR insertion, whereas very few piRNAs align to this region in the DGRP732 genome. Panel **B** shows a 20 kb region within the intron of the transcriptional corepressor gene known as *Smr*. The two DGRP strains are 98% identical across this region and there are no TE insertions present in either strain, but DGRP379 piRNAs are much more abundant compared to those from DGRP732. See [Supplementary Figure S13](#sup1){ref-type="supplementary-material"} for an expanded view which includes the *Smr* gene model. piRNA coverage values for both panels were obtained from alignments based on the unique-weighting mode in *ShortStack* to probabilistically assign alignments of multi-mapping reads based on the number of nearby uniquely mapping reads.](gkz1080fig8){#F8}

DISCUSSION {#SEC4}
==========

Our results show that nanopore sequencing can produce genome assemblies with much higher contiguity than Illumina-based assemblies, consistent with previous work in *D. melanogaster* ([@B19],[@B20]). In contrast to these previous studies, however, we also used Hi-C data to scaffold the nanopore contigs. Scaffolding with Hi-C data substantially improved our genome assemblies by correcting assembly errors and allowing the accurate placement of even the small, repeat-rich, pericentromeric contigs into the final chromosome-length scaffolds, which is crucial for the study of piRNA-producing loci as the vast majority of piRNAs come from these regions.

By aligning these assemblies, we were able to identify a large set of insertion/deletion mutations containing sequences that are unique to one of the two strains, many of which are due to transposable element insertions. We used multiple approaches to verify that these are true insertion/deletion mutations, rather than assembly errors. The majority of insertions show the expected level of sequencing coverage in the strain with the insertion and close to zero coverage in the strain lacking the insertion. We also compared the TE insertions we identified to the TE insertions predicted by TIDAL-fly for these same strains. 93% of the TIDAL predicted insertions are present in our assembly and the majority of those that are missing appear to be incorrect calls by TIDAL. We also found hundreds of TE insertions that were missed by TIDAL. In order to control false positives, TIDAL set stringent requirements for coverage of split read alignments. Alignment of Illumina reads by TIDAL could be negatively impacted by sequence divergence between the DGRP strains and the reference genome, or between the TE and its consensus sequence, as well as by the presence of repetitive sequence flanking the insertion itself. Furthermore, differences in Illumina sequencing coverage between DGRP strains means that there will be more TIDAL false negatives in low coverage strains compared to high-coverage strains. All of these factors likely contributed to the missed insertions.

On the other hand, our results suggest that TIDAL is more sensitive in detecting within-strain TE polymorphisms. 10% of the TIDAL insertions that were missing from our assembly appear to be correct calls that are polymorphic in the DGRP732 strain. Long read mapping-based approaches for detection of TE polymorphisms or algorithms designed to produce diploid assemblies from long reads ([@B25], [@B59]) could potentially be more sensitive at identifying within-strain polymorphic TEs, compared to the approach used here.

Another caveat with respect to our comparison with TIDAL is that the DGRP strains have been in culture for at least ∼200 generations between when the Illumina data used by TIDAL was generated and when we performed the nanopore sequencing. Based on the TE insertion and excision rates from ([@B60]), there could be as many as 50 new TE insertions and 3 TE deletions that have occurred in each strain over this time period. However, these new insertions would only explain ∼12.5% of the of the \>400 TE insertions in each strain that were missed by TIDAL, but present in our assemblies.

By analyzing these assemblies, we also gained information about specific TE insertions that would not have been possible with Illumina-based methods. For example, our discovery of the novel *micropia*-like TE that has invaded the DGRP population raises the possibility that there are other novel TEs in various *D. melanogaster* populations that have not yet been described. Such TEs would provide additional opportunities for studying the early stages of TE invasion and suppression by the host genome, similar to work on the *P-element* ([@B61]). Additionally, our observation of large discrepancies in Burdock solo-LTR numbers across strains challenges the notion that solo-LTRs are rare in the *D. melanogaster* genome ([@B64]). This observation would not be possible with Illumina methods because it is very difficult to differentiate insertions of full-length elements from solo-LTRs or internally truncated elements with short reads. Previous work has found that different insertions of what was assumed to be the same TE based on Illumina inference, show large differences in their ability to spread heterochromatin into adjacent genomic regions ([@B14]). Our study raises the possibility that different structural variants of the same TE could explain those results. For example, the *burdock* solo-LTRs in DGRP379 tend to produce abundant piRNAs that spread into the flanking genomic regions, in much greater amounts than their full-length counterparts.

Using these assemblies to characterize TE content and piRNA expression at the whole-genome level, we found that TE content and piRNA abundance per TE family were both fairly highly conserved between these two strains, which is consistent with previous findings ([@B16],[@B17]). However, these assemblies also reveal a level of dynamism in their repeat content that has previously been underappreciated. For example, although the overall TE content is conserved between these two strains, there is a subset of young, active, TEs that show insertion profiles that are highly variable and which frequently act as *de novo* piRNA-producing loci. On the other hand, the pericentromeric heterochromatin, which is mostly composed of inactive, fragmented TEs, is enriched for both TE sequences and large insertion/deletion mutations in general (Figure [4](#F4){ref-type="fig"}). The enrichment of high-frequency and/or fixed TE insertions in the pericentric heterochromatin is generally believed to be the result of a reduction in recombination, which also reduces the efficiency by which purifying selection can remove these insertions from the population ([@B3],[@B65],[@B66]). Relatedly, the euchromatic chromosome arms experience higher levels of recombination and deleterious TE insertions are more efficiently purged from the population. We also observed more complex structural variation in the pericentromeric regions that is likely due to errors in replication rather than TE insertions. An elevated mutation rate in pericentric heterochromatin may seem counterintuitive given that one of the purposes of this chromatin state is to protect these repeat-rich regions from aberrant double-strand break repair via homologous recombination ([@B67]), however work in cancer cells has shown that H3K9me3-enriched regions show elevated rates of both point mutations and structural variation ([@B68]). The mechanism behind the elevated mutation rate is unclear, but may be due to increased replication stress or decreased repair efficiency in repetitive DNA ([@B69]).

In summary, our work suggests that there are significant features of the repetitive portion of the genome that can only be observed from long-read sequencing and that in the future, population resequencing with long-read approaches will shed new light on the evolutionary dynamics of repetitive elements.
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